1. Introduction {#sec1}
===============

Selective staining of the subcellular structure of organelles can provide vital information about the status, functionality, and metabolism of cells, as well as their responses to therapy and external stimuli.^[@ref1]^ Although organic dyes are most commonly used for staining of subcellular organelles, they still have many drawbacks such as limited excitation/emission wavelengths, poor photostability, and low biocompatibility.^[@ref2],[@ref3]^ Their low photostability restricts the long-term monitoring of dynamic changes of cellular functions and structures. Most fluorescent dyes, comprising organic fluorophores, are susceptible to photobleaching due to irreversible photodamage in their structures. Although several antifade mountants and reductants for fixed and living cells have been developed to minimize the fluorescent dyes from photobleaching, further steps required are troublesome.^[@ref2],[@ref4]^ Immuno-based labeling technologies achieve precise organellar labeling, but the high cost of assay kits, laborious analysis steps, and experienced personnel are often necessary.^[@ref5]^ Thus, fluorescent labeling materials with improved resistance against photobleaching would hold great potential in future fluorescence imaging applications.

Since carbon dots (CDs) prepared from glycine through a hydrothermal route were used for cell labeling ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}),^[@ref6]^ numerous types of fluorescent CDs synthesized from different precursors and different methods have been developed as cell imaging reagents.^[@ref7]−[@ref9]^ CDs can be used for imaging of both living and apoptotic cells.^[@ref10]−[@ref12]^ They can be prepared from a variety of carbon sources from pure compounds such as glycine and citric acid to cheap and organic waste such as used coffee ground, leaves, and cow manure.^[@ref6],[@ref8],[@ref10],[@ref13]−[@ref15]^ Detailed reviews of the bioimaging and diagnostic application of CDs are available.^[@ref11],[@ref12],[@ref16]−[@ref18]^ Having the advantages of brilliant photostability and excitation-dependent emission, CDs can realize long durations of imaging and full-color fluorescence imaging of cells.^[@ref19],[@ref20]^ The high photostability and biocompatibility of CDs enable living cell imaging of bacterial and mammalian cells.^[@ref21],[@ref22]^ For mammalian cells, most of the CDs can achieve cytoplasmic accumulation rather than specific organelle distribution. The dynamic properties of cellular membranes have a strong effect on the interaction and endocytosis of the CDs.^[@ref23]^ CDs exhibit high biocompatibility, which makes them more suitable than other staining agents such as organic dyes, fluorescent proteins, and (semiconductive) metal-based quantum dots for biolabeling applications. In addition, their excellent photostability allows long-term monitoring of dynamic cellular processes.^[@ref24]^ Excitation wavelength-dependent emission properties of fluorescent CDs provide advantages of multicolor imaging of cells or organelles.^[@ref25],[@ref26]^ Furthermore, the pH-dependent emission properties of CDs enable the detection of intracellular pH with appreciable accuracy.^[@ref27]^ Some studies suggest that hydrophilicity, functional groups, and surface charges of the CDs are important for their internalization into the cells and targeting of organelles.^[@ref26]−[@ref29]^ The surface properties of CDs can be controlled during the synthesis process and postmodification, which are necessary for specific organelle labeling or drug delivery after endocytosis. A schematic representation of the endocytosis followed by labeling of different organelles with CDs, and monitoring through various fluorescence techniques, including multicolor imaging, ratiometric imaging, fluorescence quenching, and pH-dependent emission, is presented in [Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}. However, a clear understanding of the properties of CDs for specific interactions with organelles is not yet available. In this review, we discuss various types of CDs employed for labeling of different subcellular organelles and the properties of CDs that are essential for targeting.

![(A) Schematic representation for the synthesis of CDs from glycine. (B) Bright-field and fluorescence images of MCF-10A (a, b) and MCF-1 (c, d) cells treated with hydrophilic fluorescent CDs. Reproduced with permission from ref ([@ref6]). Copyright 2012 Royal Society of Chemistry.](ao9b04301_0001){#fig1}

![Schematic Representation of Endocytosis of Fluorescent CDs and Specific Labeling of Various Organelles and Their Imaging by Different Fluorescence Techniques](ao9b04301_0009){#sch1}

2. Labeling of Organelles with Fluorescent CDs {#sec2}
==============================================

CDs have been successfully applied for the labeling of bacterial cells and cancer cells as well as for tissue imaging.^[@ref16],[@ref30]−[@ref32]^ Most reported CDs remain in the cytoplasm after internalization. Internalization of the fluorescent CDs is mainly due to the endocytosis mechanism; meanwhile, the specificity is achieved either with the help of target-specific functionalization or by intrinsic functional groups on the CDs preserved from their precursors. Since various organelles possess different membrane properties and internal biochemistry, CDs with specific characteristics, such as size, functional groups, biocompatibility, and suitable surface charge, are required for targeting the organelle membrane or internalization. For example, CDs with amino groups (with a weak positive charge) are found to target lysosomes;^[@ref27]^ however, a slight modification of amine-functionalized CDs with lipophilic molecules such as laurylamine can change the target to the endoplasmic reticulum (ER), due to differences in the endocytosis mechanism.^[@ref33]^ However, highly positively charged or heterogeneously charged CDs (having both positive and negative charges) target the nucleus and nucleolus.^[@ref34],[@ref35]^ However, there are some contradictory findings regarding the surface charge and nucleus-targeting ability of the CDs.^[@ref36],[@ref37]^ Therefore, for convenience, we categorized the following sections based on organelles. We mainly focus our discussion on correlating the physicochemical properties of CDs and their specificity in targeting subcellular structures. The major organelles and subcellular structures studied for CD-based labeling applications are lysosomes, nucleus, nucleolus, mitochondrion, ER, exosomes, and Golgi apparatus.

2.1. Lysosomes {#sec2.1}
--------------

Lysosomes are spherical, membrane-enclosed organelles found in animal cells, with environmental pH values of 4.5--5.5. They contain many enzymes, such as phosphatases, nucleases, polysaccharide hydrolase, proteases, and lipid-degrading enzymes, and are involved in various cellular processes, such as autophagy, endocytosis, hydrolysis of large molecules, and so on. Abnormal pH changes in the lysosome can provide information regarding the cellular healthy conditions. pH and morphology changes of lysosomes during cell apoptosis and oncogenic transformation have been found.^[@ref38],[@ref39]^ Therefore, a probe with a sensitive pH-dependent emission response is a prerequisite for lysosome labeling that can provide vital information for understanding the dysfunction of lysosomes, which might relate to various pathologies, including neurodegenerative diseases, cancer, and Alzheimer's diseases. CDs have been used as a drug carrier for targeting the lysosome of cancer cells as well as for photothermal therapy (PTT).^[@ref40]^ CDs cofunctionalized with the lysosome-targeting ruthenium nitrosyl donor (Lyso-Ru-NO) for specifically targeting lysosomes and delivering nitric oxide and with the cancer cell-targeting ligand (folic acid) were prepared for cancer cell therapy.^[@ref40]^ The Lyso-Ru-NO contains a ligand of Lyso-NINO (a lysosome-specific two-photon fluorescent probe known to detect endogenous NO in cells), in which the morpholine (ML) moiety serves as a lysosomal targeting group. The small size of the CDs (7--9 nm) makes them suitable carriers for targeting subcellular organelles, and their photoluminescence enables visualization of the intracellular tracking of the drug delivery system. Under the laser irradiation at 808 nm, it induces NO release and a rapid increase in temperature, resulting in a synergistic therapy for cervical cancer cells (HeLa cells). More recently, Wu et al. reported that polyethyleneimine (PEI)-passivated CDs functionalized with ML is an effective probe for multicolor labeling of lysosomes in live HeLa cells.^[@ref26]^ The surface-bound PEI enhances the fluorescence quantum yield (QY) and photostability; meanwhile, the ML engages in targeting lysosomes. In addition, the study reveals that the internalization of the functional CDs is through the endocytic pathway and accumulation in the lysosome, making it an efficient probe for labeling lysosomes.

CDs rich in amino groups can specifically target lysosomes, without any tedious lysosome-targeting postmodification.^[@ref27]^ In addition, CDs can also be used for monitoring the pH of lysosomes based on their pH-sensitive fluorescence properties. For example, amine-rich CDs synthesized from *p*-benzoquinone and ethanediamine were employed for targeting lysosomes and for real-time monitoring of pH in lysosomes.^[@ref27]^ The fluorescence intensity of CDs dramatically decreases in a medium upon decreasing pH values from 6.0 to 4.0, which is appropriate for investigating the pH changes of lysosomes. The pH-dependent fluorescence intensity of the CDs is mainly due to reversible protonation and deprotonation of their functional groups including amino groups and other hydrophilic groups such as carboxylate groups evident from ζ potential measurements. The CDs were further applied to monitor lysosomal pH changes during dexamethasone-induced apoptosis of A549 cells (adenocarcinomic human alveolar basal epithelial cells). Not only CDs with amino groups, graphene quantum dots (GQDs) prepared from extracts of neem plant root by a solvothermal method, with surface functional groups, such as −NH~2~, −COOH, and C--O--C, also have been reported to possess good lipophilicity and to be specific for targeting lysosomes.^[@ref41]^ Further, the GQDs are suitable for two-photon excitation microscopy, enabling long-time imaging with less damage to living RAW cells. The presence of −NH~2~, −COOH, and C--O--C groups is suggested to be the main reason for both lipophilicity and specific targeting of the lysosome; however, more experimental evidence is required to prove the exact interactions leading to specific targeting.

Ratiometric imaging is based on the use of a ratio between two fluorescence intensities. The nanoprobe-based ratiometric imaging is often more refined and reliable than the traditional one due to the fact that bleaching, changes in focus, variations in laser intensity as well as the physiological conditions of cells can be corrected. Owing to their easy functionalization and surface manipulation, fluorescent CDs can be used to immobilize an additional fluorescent probe to construct a ratiometric signal recording strategy for labeling of organelles.^[@ref42],[@ref43]^ For example, naphthalimide derivative-functionalized CDs have been used for imaging and monitoring of endogenous formaldehyde in lysosomes in live cells ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A).^[@ref42]^ The ratio of green fluorescence (535 nm) from the naphthalimide derivative to blue fluorescence (414 nm) from CDs is correlated to the concentration of formaldehyde in lysosomes. Lysosomes play significant roles in endogenous formaldehyde generation, in which high levels of formaldehyde play diverse roles in many diseases such as Alzheimer's disease, reproductive and developmental toxicities, and cancer.^[@ref44]−[@ref46]^ The imaging of HeLa cells is in response to the increased formaldehyde concentration, with an enhanced green fluorescence intensity of naphthalimide derivative and a constant fluorescence intensity of the CDs as shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B.^[@ref42]^ The naphthalimide derivative undergoes a simple diffusion process to enter the cell and can also target other organelles without specificity. Endocytosis of the naphthalimide derivative-functionalized CDs is believed to happen through clathrin- and caveolae-mediated pathways, which are active transportation mechanisms, and the presence of weakly basic amino groups on the CDs enhances the lysosome-targeting efficiency. The acidic environment inside the lysosome induces aggregation of the amine-rich CDs, which enhances their accumulation.

![(A) Schematic representation for the design of CDs functionalized with naphthalimide for targeting lysosome and ratiometric imaging. (B) Confocal laser microscopic images of HeLa cells treated with different concentrations of formaldehyde and labeled with naphthalimide-modified CDs. Reproduced with permission from ref ([@ref42]). Copyright 2019 Royal Society of Chemistry.](ao9b04301_0002){#fig2}

CDs alone can also be employed for ratiometric signal acquisition, without an additional fluorescent molecule, by utilizing the analyte-dependent emission wavelength shift of the CDs. CDs synthesized from dexamethasone and 1,2,4,5-benzenetetramine as precursors through a microwave-assisted hydrothermal method exhibit red fluorescence through the intramolecular charge transfer (ICT) mechanism.^[@ref43]^ Upon their interaction with formaldehyde, the CDs exhibit green fluorescence through decreases in ICT. The residual *o*-diamino groups on the CDs react selectively with formaldehyde, leading to ratiometric fluorescence response through decreases in the ICT process from the electron-donating amino group to the electron-withdrawing carbonyl group of CDs. The formaldehyde-induced blue shift in the fluorescence wavelength is ideal for developing a ratiometric sensing system for the detection of formaldehyde in the lysosome, showing their potential for specific targeting of lysosomes.

Reliability of the ratiometric lysosome labeling and determination of pH values in lysosomes can be further improved by functionalizing the fluorescent CDs with a pH-dependent fluorescent molecule with the same/close excitation wavelength as that of fluorescent CD.^[@ref47]^ He et al. demonstrated that upon excitation with a wavelength of 380 nm at the pH from 4.0 to 8.0, the emission of CDs at 455 nm remains almost constant, whereas the 1,8-naphthalimide derivative fluorophore on the CDs gradually decreases at 525 nm.^[@ref47]^ The ratio of these two fluorescence responses of 1,8-naphthalimide derivative-functionalized CDs with respect to pH change allows for constructing an efficient ratiometric sensor for monitoring pH values in lysosomes.

Hydrophilicity of CDs has been reported to be a vital factor for the labeling of organelles.^[@ref27]^ In contrast, Mao et al. demonstrated the labeling of lysosomes with hydrophobic CDs (∼8.5 nm) containing short alkyl groups prepared from an ionic liquid 1-ethyl-3-methylimidazolium bromide by a hydrothermal method.^[@ref48]^ Interestingly, the hydrophobic CDs can penetrate into HeLa cells within 1 min and are mainly distributed in the lysosome. In contrast to hydrophilic CDs, the penetration behavior of the hydrophobic CDs shows partially energy-dependent and passive diffusion. The Fourier transform infrared (FT-IR) and X-ray photoelectron spectroscopy (XPS) spectra reveal C−N, C=N, C−O, C=O, and C−O−C groups are present in the CDs. Thus, the notion that the lysosome-targeting ability mainly arose from the hydrophobicity of the CDs should be further investigated.

In addition to CDs and N-doped CDs, metal-incorporated CDs are also found to be effective in targeting the lysosome. Near-infrared (NIR) emissive CDs prepared by carbonization of Mn(III)tetra-(*meso*-aminophenyl)phorphyrin with citric acid (MnPCNDs) have specific lysosome-targeting properties.^[@ref49]^ In addition to targeting and then accumulation in the lysosome, these MnPCNDs when irradiated with an NIR laser exhibit an excellent photodynamic therapeutic (PDT) effect for tumor cell therapy. Moreover, the MnPCNDs containing paramagnetic Mn(III) ions make them a *T*~1~-weighted magnetic resonance imaging (MRI) contrast agent for *in vivo* tumor monitoring and PDT guidance. In addition, metal complex-modified CDs such as Ru(II)complex-functionalized CDs (Ru1-CDs) have been reported to penetrate into cancer cells through the endocytosis mechanism, with features of targeting of lysosomes as well as possessing a promising PDT effect through one- or two-photon excitation.^[@ref50]^ The CDs act as an efficient carrier that greatly enhances the cellular uptake efficacy of the photosensitizer Ru1. Although the uptake of both Ru1 and Ru1-CDs is reported to be through an energy-dependent mechanism, the exact mechanism behind the increased uptake efficacy of Ru1-CDs has not been discussed clearly.

In summary, surface functionalization of CDs with ligands containing a morpholine moiety can be used for specific lysosome targeting. In addition, amine-rich CDs, and both hydrophilic and hydrophobic CDs, are found to be viable for lysosome labeling. Thus, the specificity of those CDs for lysosome labeling is still controversial. Although some reports showed the Pearson correlation coefficients to prove the good overlaps between the CDs and LysoTracker probes, the locations of the CDs and LysoTracker probes should be different. LysoTracker probes for lysosome labeling are likely to be involved in the protonation and retention in the membranes of organelles. The cellular uptake of CDs is believed to be through energy-dependent and *via* micropinocytosis, caveolae- and clathrin-mediated pathways prior to transportation to lysosomes. Therefore, most CDs with various functional groups can be transiently localized in lysosomes. Although the CDs with high surface abundance of amino groups exhibit superior lysosome-labeling efficacy, they can target the ER as well. Thus, the specificity of CDs for targeting the lysosome and long-term real-time monitoring of the alternation of pH in the lysosome using CDs still remains a challenge.

2.2. Nucleus {#sec2.2}
------------

Targeting the nucleus for drug delivery is essential, especially for cancer therapy, in which the drug interferes with the proliferation of cancer cells. CDs have been found to be an efficient agent for nucleus labeling and a nanocarrier for nucleus-targeted therapy without or with postmodification of nuclear-targeting ligands.^[@ref28],[@ref29],[@ref34],[@ref36],[@ref51]−[@ref60]^ For example, N-doped CDs synthesized from ascorbic acid and branched polyethyleneimine with small sizes (∼4 nm) and a zwitterionic surface are efficient for internalization and targeting of the nucleus.^[@ref53]^ Zwitterionic nanoparticles with high colloidal stability over a wide pH range and resistant to nonspecific adsorption of proteins have prolonged blood circulation to enhance their accumulation in tumors. Zwitterionic CDs synthesized from citric acid as a carbon source and β-alanine as a zwitterionic passivating agent also allow cytoplasmic uptake and subsequent delivery to the nucleus.^[@ref29]^ The excitation-dependent emission of the CDs enables multicolor imaging of the nucleus in HeLa cells, which shows the internalization of the CDs with different times of incubation ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). These CDs were also used to accelerate drug delivery of doxorubicin (DOX). Nucleus-targeting drug delivery plays a crucial role in the treatment of tumors as these drugs cause gene damage and disrupt the proliferation of the cancer cells. CDs prepared by the hydrothermal processing of milk have been successfully applied for the pH-dependent release of DOX into the nucleus.^[@ref54]^ DOX is physically adsorbed on the CDs through electrostatic interaction and is released in the nucleus after localization. The free CDs and free DOX are mainly distributed in the cytoplasm of the cell, with some amounts of CDs in the nucleus and DOX in the nuclear membrane. A detailed study regarding the mechanism of nucleus targeting and internalization of CDs is however lacking. Another study demonstrated that the CDs synthesized from glycerol passivated with polyamine-containing organosilane and modified with DOX *via* amide bonds could efficiently deliver the DOX into the nucleus, while the CDs remain in the cytoplasm.^[@ref60]^ Hydrolysis of amide bonds by hydrolases such as carboxylesterases and acid-catalyzed hydrolysis in intracellular lysosomes/endosomes is the main reason for inducing the release of DOX from CDs. Recently, Hill et al. reported that CDs noncovalently capped with 2,5-deoxyfructosazine prepared through microwave heating of glucosamine and *m*-phenylenediamine exhibit high nucleus-targeting efficiency. Irradiation of the CD-internalized cancer cells using a blue light-emitting diode (LED) (460 nm) enhances the killing activity of the CDs by increasing the intracellular localized temperature followed by adenosine 5′-triphosphate (ATP) depletion.^[@ref51]^ However, specificity for targeting of the nucleus is inefficient; the average global Pearson coefficient of the CDs for the nucleus was only 0.62.

![Nucleus staining of HeLa cells with zwitterionic CDs. (a) Bright-field and confocal fluorescence microscopy images for different incubation times to show the cytoplasmic and nuclear transport of CDs. (b) Biotransmission electron microscopic image showing localization of CDs in the nucleus. (c) Bright-field and confocal fluorescence images of HeLa cells treated with DOX and DOX/CD. Reproduced with permission from ref ([@ref29]). Copyright 2015 Springer Nature.](ao9b04301_0003){#fig3}

Self-assembled CDs (∼70--90 nm at neutral pH, and the size decreases to ∼48 nm at pH 3) prepared from a grapeseed extract by microwave heating without any functionalization were found to internalize into the cells through caveolae- and clathrin-mediated endocytosis and then target the nucleus.^[@ref36]^ Disassembly of the self-assembled CDs to form extremely small sizes of CDs having negative charges is responsible for nuclear-specific localization. In contrast, graphene CDs passivated with branched PEI, with a small size (1.66 nm) and high positive charge, also have been reported to exhibit high nucleus permeability.^[@ref34]^ CDs prepared from dopamine have been reported to have high nitrogen doping and surface amino groups with a ζ potential of +12.8 mV, which have high penetration efficiencies into the nucleus of various cancer cell lines.^[@ref28]^ In addition to positively charged CDs, Liu et al. showed that neutral CDs are distributed in the entire cell including the nucleus, whereas negatively charged CDs are located in the cytoplasm only, indicating that the net charge of CDs has a significant role in targeting the organelle.^[@ref56]^

Another advantage of CDs is their intrinsic ability to distinguish cancer cells from normal cells through specific organelle labeling. CDs synthesized from *o*-phenylenediamine are reported to internalize into the cytoplasm and nucleus of hepatoma cells (HepG2) within 3 min.^[@ref59]^ The fast internalization and high uptake are believed to be due to small sizes (∼4 nm) of the CDs and abundant carboxylate and amino groups on their surfaces. The CDs exhibit a ζ potential of *ca*. −10 mV at pH 7.4, which reduces nearly to zero at pH 5.0. Therefore, the protonation of the endocytic CDs causes an influx of water into the endosomes and their disintegration, which paves the way for the fast escape of CDs from endosomes and then their localization in the nucleus. The study further showed that the CDs distinguish hepatoma cells (HepG2) from normal human liver cells (LO2) through specific staining of the nucleus of the HepG2 cells only. This phenomenon is probably due to differences in cellular pH values, as well as in the endosomal--lysosomal system and nucleoporins of nuclear pore complexes between normal and cancer cells. Certain types of cancer cells (*e.g*., HeLa, HepG2, MCF-7) overexpress folate receptors on their membrane, and therefore, functionalizing CDs with folic acid is a popular strategy to target and identify folate receptor-overexpressed cancer cells.^[@ref30],[@ref58]^

Reports on the surface properties of CDs for the specific labeling of the nucleus are inconsistent. Some studies propose that the zwitterionic surfaces of CDs are responsible for the nucleus targeting, while small-sized graphene CDs with negative charges or CDs with positive charges also have been found to localize in the nucleus. Moreover, though these reports demonstrate the use of CDs for targeting the nucleus, functional characteristics of CDs essential for specific targeting of the nucleus or nucleus membrane have not been understood completely yet. The contradictory reports of surface charge for nucleus-specific targeting of CDs could be due to the difference in the protonation/deprotonation of the functional groups and changes in the ζ potential of the endocytic CDs, which have to be studied more carefully to obtain detailed information about the targeting of CDs toward the nucleus.

2.3. Nucleolus {#sec2.3}
--------------

Nucleoli are subcellular organelles in nuclei, which play a crucial role in the synthesis of ribosomal RNA (rRNA) and assembly of ribosomal subunits with rRNA.^[@ref61]^ Ribosomes are responsible for the production of polypeptides and proteins. In general, transformed cells, cancerous cells, and immune activated cells produce kinases and transcription factors for proliferation and propagation.^[@ref56]^ In these cells, increased quantities and larger sizes of nucleoli are usually found as a result of more production of rRNA in nucleoli by RNA polymerase I. Therefore, the quantities and sizes of nucleoli can be used as indicators for monitoring the cellular status.^[@ref62]^ Traditional methods, such as immunohistochemistry (IHC),^[@ref63]^ fluorescence *in situ* hybridization (FISH),^[@ref64]^ silver staining,^[@ref65]^ and organic fluorophores,^[@ref66]^ are often used to study nucleolar morphologies. However, IHC, FISH, and silver staining are limited to the staining of nucleoli in fixed cells, whereas many organic fluorophores, such as RNA dye (SYTO RNASelect green fluorescent cell stain), are available to label both living and fixed cells.^[@ref67]^ Despite the versatility of RNA dyes in the staining of living and fixed cells, the susceptibility of organic dyes to photobleaching is problematic, which limits the applications of organic dyes in long durations of cell imaging. Although most fluorescent CDs can achieve cellular labeling and cytoplasmic accumulation, their nucleolar distribution is still difficult. Fluorescent CDs with charge heterogeneity on their surfaces have been explained for their penetrating the nucleus and preferential binding with nucleoli in HeLa and LN229 cells.^[@ref35]^ CDs with both positive and negative charges on their surface (*i.e*., charge heterogeneity) can enter the cytoplasm and nucleus and are preferentially distributed in the nucleoli due to favorable interaction with RNA. Since the nucleolus is abundant in RNA, nucleolar-specific labeling is also possible with CDs having a high affinity toward RNA. For example, CDs synthesized from citric acid and urea allow nuclear-specific labeling through their RNA-binding property and accumulation in nucleoli, which was supported by conducting an RNA digestion test.^[@ref68]^ An exact interaction mechanism between CDs and RNA is unavailable though it is speculated that RNA forms a chemical bonding with CDs through the 2′-hydroxyl group on its pentose ring. Hua et al. demonstrated nucleolus targeting using negatively charged CDs synthesized from *m*-phenylenediamine and [l]{.smallcaps}-cysteine, which also act as a platform for drug delivery.^[@ref37]^ Schematic representation of the synthesis methods of CDs and the internalization into the nucleolus is given in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A. The electrostatic interaction between CDs and RNA as a reason for nucleolus targeting can be ruled out because they both have negative charges. In addition, this study further demonstrated that the CDs conjugated with a photosensitizer (protoporphyrin IX) effectively increased the cellular uptake and nucleus-targeting and provided an enhanced phototherapeutic effect because of poor tolerance of the nuclei to reactive oxygen species (ROS) produced during the PDT ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}B).

![(A) Schematic of the synthesis of CDs and their nucleolus imaging and drug delivery mechanism. (B) Confocal microscopic images showing the drug delivery efficiency of the CDs for HeLa cells. (C) Live/dead staining results of HeLa cells treated with free PpIX and PpIX-CDs before and after laser irradiation. Reproduced with permission from ref ([@ref37]). Copyright 2018 American Chemical Society.](ao9b04301_0004){#fig4}

Recently, CDs prepared from *p*-phenylenediamine (*p*PDA) with metal ions, such as Ni^2+^ ions as the catalyst (Ni-pPCDs) with red fluorescence emission at 600 nm, have been reported to specifically illuminate the nucleoli in A549 cells.^[@ref69]^ The specificity is reported to be due to the electrostatic interaction between the positively charged Ni-pPCDs (ζ value of ∼24 mV) and negatively charged RNA in the nucleolus. The Ni-pPCDs could be used for imaging of both living and fixed cells, and their photostability is much better than the commercial dye, SYTO RNASelect. In addition, the authors showed that Ni-pPCDs can pass through the mucus layer of the zebrafish embryo and achieve whole zebrafish imaging due to the positive charge and amphiphilicity of the CDs. Fluorescent CDs can also be used for simultaneous tracking of DNA and RNA, mainly due to the affinity of the CDs, the rigidity of DNA, and flexibility of RNA.^[@ref70]^ Han et al. developed a CD-based probe by functionalizing the CDs with *p*-phenylenediamine (*p*PDA) and 4-carboxybutyl triphenylphosphonium (PPh~3~^+^) bromide. The CDs show different responses toward double-stranded DNA (dsDNA) and single-stranded RNA (ssRNA), which enable real-time monitoring of DNA and RNA.^[@ref70]^ The functionalization increases the surface positive charge of the CDs to a ζ potential value of +20 mV, which allows their strong interaction with the nucleic acids. The report suggested that blue fluorescence of the disclike nanostructured graphene CDs (diameter ∼3 nm; thickness ∼1 nm) at 510 nm increases upon insertion into the grooves of dsDNA, which is similar to some DNA intercalating dyes. However, the insertion of the graphene CDs into the grooves of dsDNA is implausible since the thickness of CDs (∼1 nm) is much larger than that of the major groove (0.22 nm) and minor groove (0.12 nm) of dsDNA. On the other hand, the CDs interact with the flexible ssRNA, resulting in their accumulation in close proximity and thus leading to red-shifted fluorescence. The CDs have planar disclike structures, which enable π--π stacking when the CDs are in close proximity and further result in boosting red-shifted fluorescence. The CDs were employed for staining of the nucleus with green emission and the nucleolus with red emission ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}).^[@ref70]^ With the graphene CDs' imaging results validated in live cells, the CDs were further applied to study the DNA and RNA structures during cell division. In addition, the photostable graphene QDs allow time-lapse imaging of chromatin and nucleoli during cell division and *Caenorhabditis elegans* growth when applying super-resolution microscopy. Although the CDs work nicely for labeling of DNA and RNA, the proposed interactions (electrostatic interaction, π--π stacking, and hydrogen bonding) of graphene CDs with dsDNA and ssRNA require more detailed study,

![(a) Schematic of CDs binding to DNA and RNA. (b) Fluorescence images of different cell lines treated with CDs for nucleus imaging. (c) Multicolor fluorescence imaging of HeLa cells with the CDs using multiple excitation and emission wavelengths. Reproduced with permission from ref ([@ref70]). Copyright 2019 Wiley-VCH.](ao9b04301_0005){#fig5}

Temperature-dependent fluorescence properties of CDs have been utilized as nanothermometers in living cells and in nucleolar staining.^[@ref71]^ The fluorescence intensity of CDs synthesized from ascorbic acid by an electrochemical method exhibits linear decreased response from 20 to 100 °C. Further, the CDs have nucleolar staining ability through their interaction with DNA and RNA molecules, leading to their enrichment in the nucleolar region. Similarly, red emissive carbon quantum dots (λ~max~ ≈ 640 nm) synthesized from citric acid in formamide exhibit nucleolar staining, due to their strong interaction with RNA in the nucleolus.^[@ref72]^ The CDs were further used for delivery of fluorescein isothiocyanate and for photothermal therapy. Although the localization of the CDs in the nucleolus is supported by ribonuclease digestion testing, the exact mechanisms behind the noncovalent interaction of CDs and RNA are unavailable.

In summary, the nucleolus-targeting abilities of the CDs are mainly attributed to their interaction with the RNA in the nucleoli, which leads to the accumulation of the CDs in the nucleolar region. The affinity of these CDs toward RNA molecules is deduced to arise from various noncovalent interactions, including hydrogen bonding, electrostatic interaction, and π--π stacking, which, however, have not been fully confirmed. Nucleolar staining dyes such as SYTO RNASelect are favorable for fixed cells, while many CDs are capable of staining nucleoli in living cells.^[@ref35],[@ref70]^ Although the nucleolus-labeling CDs have been employed for applications of subcellular labeling, thermal sensing, and photothermal treatment, their use in diagnostic imaging of the nuclei, including the transformation processes, immune activation processes, and evaluation of chemo-drug treatment, has not been demonstrated, which are critical topics in nucleolus biology.

2.4. Mitochondrion {#sec2.4}
------------------

Mitochondria are the main source of intracellular ROS and reactive nitrogen species (RNS) and are involved in ROS/RNS-induced mycophagy and apoptosis.^[@ref73]^ The ROS/RNS may lead to increase in the oxidative stress and various metabolic changes that are associated with the development of neurological diseases, cardiovascular diseases, and cancer, among others.^[@ref74]^ Therefore, monitoring these endogenous and exogenous reactive species in mitochondria is important to understand the free-radical-related events. Fluorescent CDs with rich amino functional groups prepared from *o*-phenylenediamine and conjugated with triphenylphosphonium (TPP; mitochondria-targeting moiety) have been used to serve as a fluorescent probe for targeting mitochondria for sensing peroxynitrite (ONOO^--^) in living cells.^[@ref75]^ Peroxynitrite is an RNS that is highly harmful and can even damage biomolecules due to its oxidation and nitration ability. The amine-rich TPP-functionalized CDs (C-dots-TPP) as nanoprobes allow for the detection of peroxynitrite with a limit of detection (LOD) of 13.5 nM. The fluorescence of the CDs is quenched by peroxynitrite through photoinduced electron transfer. The biocompatibility and highly selective detection of peroxynitrite enable them for intracellular detection and long-time imaging. However, the C-dots-TPP nanoprobe cannot be used to sense the RNS in deep tissues due to their visible-light emission nature. CDs coupled with organelle-targeting moieties like TPP and morpholine have also been used to target mitochondria and lysosomes, respectively.^[@ref76]^ CDs can be functionalized with multiple probe molecules for increasing the detection efficiency through ratiometric signal acquisition. For example, TPP, amine, and coumarin-3-carboxylic acid (CCA)-functionalized CDs have been used as hybrid fluorescent nanosensors (CCA\@TPP\@CDs) for the detection of endogenous and exogenous hydroxyl radicals (^•^OH) in mitochondria in living cells.^[@ref77]^ In the hybrid, amine-functionalized CDs derived from 1,2,4-triaminobenzene exhibit yellow emission acting as the reference element, TPP functions as a mitochondrion-targeting molecule, and CCA functions as the ^•^OH radical recognition moiety. The ratio of blue fluorescence from ^•^OH radical-sensitive CCA components to yellow fluorescence from the ^•^OH radical-independent CDs provides a reliable detection in mitochondria. The CCA\@TPP\@CD nanosensor is highly selective toward the ^•^OH radical even in the presence of other ROS and biologically relevant cations.

A couple of studies have shown that some CDs can target mitochondria even without further modifications of the mitochondriotropic ligand such as TPP. The CDs prepared from chitosan, ethylenediamine, and mercaptosuccinic acid by a one-step hydrothermal method were employed for the imaging of mitochondria and mitochondria-targeted photodynamic cancer therapy.^[@ref78]^ Ultrasmall size (∼2.1 nm), a positive charge of +28.1 mV, lipophilicity, and delocalized structure (benzene ring) of the CDs are the main reasons for their selective targeting of mitochondria. The cellular uptake of the CDs is energy-dependent and is involved in the caveolae-mediated endocytosis. These CDs, when coupled with a photosensitizer (Rose Bengal), can facilitate their internalization into the cells and serve as efficient materials for mitochondria-targeted PDT. Mitochondria have a very high membrane potential of up to −180 mV, leading to the tendency of accumulation of cationic species in the mitochondria rather than in other organelles. In addition, the negative membrane potentials of cancerous cells are higher than those of normal ones. Therefore, electrostatic-interaction-dependent fluorescence properties of CDs can be utilized for the selective labeling of mitochondria in cancer cells in well-controlled staining concentration and time. Fluorescent CDs prepared from glycerol as a solvent and carbon source and (3-aminopropyl)trimethoxysilane (APTMS) as a passivation agent by a solvothermal treatment exhibit inherent mitochondrial targeting ability and the ability to differentiate cancerous cells from normal cells.^[@ref79]^ The differences in the membrane potentials and in the CDs' uptake efficiencies of normal cells and cancerous cells are contributors to the success. The electrostatic interaction of CDs with mitochondria affects their fluorescence intensity. Since the interaction of CDs with cancerous cells is stronger than with normal cells, a high fluorescence contrast was obtained in the former cells. Also, due to the high metabolic rate of cancerous cells, they consume more substances from the surrounding cells, which may also enhance their fluorescence due to their higher uptake of fluorescent CDs. After cell internalization, the CDs are highly stable and selective to target mitochondria rather than being captured by lysosomes.

ATP, the "energy currency", is produced mainly by mitochondria. The fluctuation in ATP production affects several physiological functions and is associated with many health issues such as aging, diabetes, Alzheimer's disease, hypercholesterolemia, and cardiovascular diseases.^[@ref80]^ Due to the similarity of this purine nucleotide with other nucleoside polyphosphates, selective monitoring of intracellular ATP is a challenge. Single-layered graphene CDs synthesized from the thermal condensation of perylene tetracarboxylic anhydride (PTCDA) and polyethylenimine (PEI), with strong yellow fluorescence, have been demonstrated to possess excellent targeting ability for mitochondria.^[@ref81]^ In addition, the graphene CDs are highly selective in differentiating ATP from other nucleoside polyphosphates due to the synergistic π--π stacking and electrostatic interactions between the negatively charged purine nucleosides (exposed phosphate anions of ATP) and positively charged graphene CDs.^[@ref81]^ The graphene CDs were also used to monitor the mitochondrial ATP fluctuation in living cells induced by the Ca^2+^ activation and sodium azide suppression.

CDs have also been used in the treatment of multidrug resistance (MDR) cancerous cells. MDR cancerous cells overexpress P-glycoprotein (P-gp), which captures and pumps the drugs from the cytoplasm to the extracellular space, reducing the accumulation of drugs in the cells and thereby lowering the therapeutic effect.^[@ref82]^ Zhang et al. developed a mitochondria-targeting nanomicelle-based drug delivery system to modulate P-gp and to efficiently release DOX inside cells.^[@ref83]^ Nanomicelle CDs--TPGS--TPP, prepared from fluorescent CDs and triphenylphospine (TPP)-modified [d]{.smallcaps}-α-tocopheryl poly(ethylene glycol) succinate (TPGS) in an *n*-hexane/H~2~O mixed solution, were internalized into the cells through clathrin-mediated endocytosis and then targeted mitochondria specifically. TPP and TPGS inhibit the overexpression of P-gp and mitochondria targeting, respectively. The CDs--TPGS--TPP compared to free DOX causes a stronger depression in the mitochondrial membrane potential of MCF-7/ADR cells, reflecting the higher level of alterations of mitochondria DNA (mtDNA) caused by DOX released from the mitochondria-targeting nanocarriers. The targeting property of CDs--TPGS--TPP/DOX nanomicelles to mitochondria is promising for inducing apoptosis and damaging mtDNA in resistant MCF-7/ADR cells.

A surface-enhanced Raman scattering (SERS) nanoprobe of porous Ag/Au nanoshells with surface decoration of CDs (CDs--Ag/Au NSs) was used for the nucleus- and mitochondria-targeted PTT of cancer cells ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}).^[@ref84]^ The two peptides on the surfaces of the probe are responsible for specific targeting of mitochondria or nucleus. The nanoprobe absorbs NIR laser light for efficient killing of the cells during the PTT process as a result of boosting the light absorption capacity of the CD components. However, cancerous HeLa and normal (L929 and H8) cells show differences in molecular stress responses in PTT-induced cell death. The tryptophan, phenylalanine, and tyrosine contents in HeLa cells are higher when compared to normal cells after the PTT process. The mitochondria-related cell apoptosis is due to cellular thermal stress-responsive proteins for HeLa cells and is related to DNA in the case of normal cells.

![(a) Cartoon representation of the organelle-targeting theranostic plasmonic SERS nanoprobe (CDs--Ag/Au NSs). (b, e) Bright-field images and (c, f) their corresponding Raman spectra of HeLa cells and L929 cells after treatment with the SERS nanoprobe under NIR 808 nm laser exposure. (d, g) SERS intensity of different Raman bands for HeLa cells and L929 cells with different irradiation times under the PPT process. RGD is a cell-penetrating peptide (RGDRGDRGDRGDPGC), NLS is a nuclear-targeting peptide (GGVKRKKKPGGC), and MLS is a mitochondria-targeting peptide (MLALLGWWWFFSRKKC). Reproduced with permission from ref ([@ref84]). Copyright 2018 American Chemical Society.](ao9b04301_0006){#fig6}

The difference in the membrane potential of mitochondria in cancerous cells to that of normal cells enables the labeling or drug delivery to mitochondria of cancer cells more easily. Various CDs have been developed as sensitive and selective probes for localization of mitochondria, mainly based on fluorescence quenching induced by the free radicals and chemical species such as peroxynitrite. However, the fluorescence response of the CDs toward specific ROS or RNS inside the mitochondria must be investigated in detail for evaluating the state of mitochondria.

2.5. Endoplasmic Reticulum {#sec2.5}
--------------------------

Amine-functionalized CDs have been employed for the fluorescence imaging and pH sensing of organelles.^[@ref33]^ Shuang et al. demonstrated bioimaging of lysosomes and ER with pH-responsive CDs prepared from citric acid and urea by a hydrothermal method and then functionalized with laurylamine.^[@ref33]^ With an average size of 3 nm, the CDs without laurylamine and with laurylamine modification could monitor the pH fluctuations of lysosome and ER, respectively, mainly due to their differences in surface chemistry, cell internalization, and/or endocytosis pathways. The hydrophobic alkyl groups on the surface of laurylamine-modified CDs allow for their accelerated internalization and intracellular localization in ER through the lipid-raft-mediated endocytosis. The cellular endocytosis mechanisms of nanoparticles include clathrin-mediated endocytosis, caveolae-mediated endocytosis, and clathrin-/caveolae-independent endocytosis (*e.g*., macropinocytosis, phagocytosis, lipid-raft-dependent endocytosis).^[@ref85]^ Lipid rafts (10--200 nm) are the cellular membrane contained clusters of lipids in a more ordered state that exist within the generally disordered lipid milieu of the membrane.^[@ref86]^ Some nanoparticles are known to specifically bind to the lipid rafts of the cell membrane, and this binding may facilitate them to target the endoplasmic reticulum, following endocytosis to the endolysosomal machinery.^[@ref87]−[@ref89]^ In the case of unmodified CDs, the amino groups interact with the cell membrane electrostatically and enter the cell through clathrin-mediated endocytosis and thus are localized in lysosomes.

In addition to organelle labeling, some CDs are efficient for ER-targeted therapy.^[@ref90]^ Multifunctional (trace metal-, N-, O-doped) carbon-dominated nanoparticles (MNOCNPs) conjugated with poly(ethylene glycol) (PEG) having high NIR absorption and biocompatibility were used for targeting of ER.^[@ref90]^[Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}A displays the synthesis of the multifunctional CDs and their application for PTT using an NIR laser. The carbon nanoparticles (CNPs) were formed during the hydrothermal treatment of phenylenediamine; simultaneously, the metal ions induced the cross-linking of CNPs to form the final photothermal MNOCNPs. The modification of MNOCNPs with PEG makes the nanoagents exhibit high physiological stability, enhanced cellular uptake, superior ER accumulation, and specific tumor-targeting capability. The PEG-MNOCNPs can also transport through the nuclear pores to interact with nucleoli upon NIR laser irradiation, leading to an effective PTT outcome even at a low drug dose ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}B).

![(A) Schematic representation displaying the (a) synthesis route of carbon nanoparticles doped with trace metal, N, and O (MNOCNPs) and functionalization with PEG, and their application in (b) *in vitro* PTT and (c) *in vivo* multimodal imaging of tumor ablation. (B) (a) Confocal fluorescence images of PEG- and rhodamine B isothiocyanate-modified MNOCNP (PEG5k-NiNOCNP-RITC)-treated HeLa cells costained with one of the different trackers and Hoechst. (b) Intensity correlation plots of PEG5k-NiNOCNPs-RITC and one of the trackers from (B, a). (c) Confocal fluorescence images of HeLa cells incubated with PEG5k-NiNOCNPs-RITC for different incubation times. (d) Cytotoxicity analysis of the modified CNPs toward HeLa cells with laser irradiation. (e) Apoptosis/necrosis assay results of HeLa cells subjected to different treatments. Reproduced with permission from ref ([@ref90]). Copyright 2019 Acta Materialia Inc. Published by Elsevier Ltd.](ao9b04301_0007){#fig7}

In summary, amine-functionalized CDs are found to be effective for the labeling of ER; however, they also label lysosomes. Moreover, aggregation and fluorescence responses of the CDs inside ER and lysosome could be different due to their environmental differences, including pH values. Thus, pH-dependent fluorescence properties of CDs must be studied in detail for monitoring of pH fluctuations in ER and lysosomes.

2.6. Other Organelles {#sec2.6}
---------------------

Gold carbon dots (GCDs) with photoluminescent properties were employed for the fluorescence imaging of exosomes.^[@ref91]^ The GCDs conjugated with tumor-specific antibodies are specific for labeling the exosomes through immune reactions. The exosomes containing the GCDs are then taken up by other cells and transported to lysosomes, which allows for the study of cancer metastasis. Li et al. showed that the chirality of CDs plays an important role in targeting the Golgi apparatus ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}).^[@ref92]^ The fluorescent CDs were prepared from citric acid and [l]{.smallcaps}-cysteine (LC-CQDs) through two-step synthesis processes. Morphological changes of the Golgi apparatus are associated with intracellular injury like viral infections, and thus monitoring its change is important. On the other hand, CDs obtained from citric acid and [d]{.smallcaps}-cysteine by the same synthesis processes have limited targeting ability toward Golgi. The LC-CQDs likely bind to the sulfhydryl receptor site of the Golgi through the formation of disulfide bonds in the oxidizing environment of the Golgi lumen. However, the reason for the LC-CQDs' specificity toward the Golgi apparatus in the presence of a high concentration of intracellular thiols is unavailable. Nevertheless, this study demonstrated that the cellular uptake of LC-CQDs is energy-dependent and LC-CQDs can stain both *cis*- and *trans*-Golgi.^[@ref92]^ More importantly, the LC-CQDs can be used for long-term *in situ* imaging of Golgi without the generation of ROS. Although various CDs containing thiol functional groups with an [l]{.smallcaps}-stereo configuration were used for targeting Golgi,^[@ref93]−[@ref95]^ a clear targeting mechanism is lacking.

![(A) Schematic representation of synthesis and functionalization of [l]{.smallcaps}-cysteine-modified CDs (LC-CQDs) from citric acid and [l]{.smallcaps}-cysteine and (B) LC-CQD-stained Golgi apparatus in HEp-2 cells during viral infection, showing morphological changes. Reproduced with permission from ref ([@ref92]). Copyright 2017 Royal Society of Chemistry.](ao9b04301_0008){#fig8}

3. Future Perspective and Challenges {#sec3}
====================================

A variety of CDs have been applied for labeling different subcellular structures; however, the targeting specificity of the CDs toward specific subcellular structures varies according to the precursors used in the syntheses and synthetic methods. Thus, the design and acquisition of CDs with subcellular labeling abilities and specificity are sometimes time-consuming and laborious. Although hydrophilicity is essential for CDs used for imaging applications,^[@ref27]^ hydrophobicity of CDs is found to be viable for labeling applications.^[@ref48]^ Taking advantage of the functional group-rich surface property, CDs can be potentially modified with various targeting ligands like antibodies for improving specificity toward the organelles. Due to their prominent photostability and strong fluorescence, they have gained popularity in monitoring drug delivery and/or monitoring therapeutic progresses. Although CDs have many advantages, the fluorescence QYs of CDs in many cases are lower than those of traditional organic staining dyes. Under low-magnification imaging, the brightness of the CDs is sometimes insufficient, which disables effective subcellular imaging. Therefore, improving fluorescence QY of CDs will be beneficial for organelle labeling. PEI has been widely used for the surface modification of CDs for various bioapplications; however, lysosomes have been found to play a major role in mediating the toxicity of some PEI-functionalized CDs.^[@ref96],[@ref97]^ CDs synthesized form citric acid and functionalized with PEI have been found to decrease the viability of cells through oxidative stress and the interleukin (IL)-8 release mechanism.^[@ref96]^ Also, some CDs affect lysosome integrity and cause mitochondrial dysfunction and nucleotide-binding domain-like receptor protein 3 (NLRP3) inflammasome activation. Therefore, a detailed investigation of the cytotoxicity of CDs in various organelles is required.

CDs with strong interaction with DNA or RNA are found to be suitable for nuclear and nucleolar staining, respectively. Molecules with amino groups can easily penetrate into the cell through a diffusion process; however, they target many organelles. Functionalizing CDs with amines enables endocytosis *via* an active transportation mechanism, which results in enhanced targeted delivery or labeling of lysosomes. CDs must be properly functionalized with suitable functional molecules, for example, morpholine group (ML) and PEG have been employed to achieve high selectivity in targeting the lysosome and ER, respectively.^[@ref26],[@ref90]^ More studies to understand the internalization mechanism of CDs or drug-loaded CDs are needed. A correlation between the organelle-targeting property of CDs and functional groups or charges in the CDs is important to have ideal CDs for labeling of various organelles.

Some CDs, due to their unique surface functional properties, provide high selectivity toward cancerous cells over normal cells.^[@ref45]^ Organelle-specific targeting of CDs coupled with PTT holds great potential for monitoring the side effects during cancer therapy. It has been found that pH-dependent or NIR laser irradiation-induced release of the drugs from some CDs into cell organelles is efficient for inhibiting tumor growth; however, biosafety and biodistribution of the CDs must be investigated in more detail in the animal model.

Since various organelles have different pH values, a detailed study of the influence of pH on the ζ potential, protonation/deprotonation, fluorescence, and aggregation properties of CDs is required to prepare ideal CDs for certain organelles. CDs are a great platform for multicolor labeling, either by their intrinsic fluorescence properties or by functionalizing with a fluorophore of different emission. The excitation-dependent fluorescence emission of CDs has been realized for multicolor fluorescence imaging in the visible-light range. However, the multicolor property of the CDs may cause a little problem when the cells are costained with other fluorophores that each only has a single fluorescent band. Overlapping of the fluorescence of the CDs and the fluorophore may result in indistinguishability between the two single sources. Thus, organic dyes with CDs must be selected carefully. For example, CDs usually having weak fluorescence in the long-wavelength region with organic dyes emitting in the NIR region are suitable to prevent the problem.

Development of CDs with single and narrow fluorescence properties is necessary to distinguish and track different groups of cells and to study intercellular interactions under coculture conditions. Preparation of CDs with pH- and temperature-sensitive fluorescence properties is important for real-time monitoring of the pH and temperature fluctuations in organelles under different conditions like oxidative stress. To further improve imaging results, CDs possessing a sensitive fluorophore to pH changes and a stable fluorophore insensitive to pH changes are still welcome.

4. Conclusions {#sec4}
==============

This review concludes that fluorescent CDs are potential for labeling of organelles, with many advantages, including photostability, biocompatibility, easy preparation and functionalization, low cost, multicolor emission, small size, and rapid uptake. However, the potential of CDs for labeling of organelles has not been well realized. When compared to organic dyes, larger sizes of CDs are disadvantageous for high-resolution cell imaging. It is thus important to prepare ultrasmall CDs with a narrow size distribution and single and narrow fluorescence emission. We have found that CDs prepared through electrochemical approaches over hydrothermal ones provide a narrower size distribution.^[@ref9]^ CDs can be used for multicolor labeling and for developing ratiometric probes. With excellent photostability and ease of preparation, CDs provide opportunities for replacing organic dyes for specific organellar labeling. CDs for organelle labeling or targeted drug delivery into organelles without the use of any targeting agent or fluorophore can be achieved through careful selection of precursors that have a high affinity toward the organelles. However, well-defined design principles are still unavailable for preparing CDs with particular organelle-targeting properties; organelle labeling is usually achieved by applying a trial and error method. Labeling of organelles with CDs is always coupled with nonspecific cytoplasmic distribution, reducing the contrast of CD-labeled organelles. The highly stable fluorescent CDs for tracking the generations of cell division and cell proliferation analysis still remain a challenge. With high biocompatibility, the potential of CDs in live-cell imaging has been realized, but their use in animal models is rare. To make it more popular for animal studies, CDs with high QYs in the NIR and IR regions are needed. To prepare such CDs, doping of heterogeneous/metal atoms to CDs has shown to be a possible answer.
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